Background: Maternal vitamin D status has been associated with both gestational diabetes mellitus (GDM) and fetal growth restriction, however, the evidence is inconsistent. In Finland, maternal vitamin D status has improved considerably due to national health policies. Our objective was to compare maternal 25-hydroxy vitamin D concentrations [25(OH)D] between mothers with and without GDM, and to investigate if an association existed between maternal vitamin D concentration and infant birth size.
Background
Vitamin D deficiency, defined as a circulating 25-hydroxy vitamin D (25(OH)D) concentration below 50 nmol/L, has been common among Finnish pregnant women [1] . However, due to recent changes in national health policies, intake of vitamin D has increased resulting in decreasing rates of vitamin D deficiency [2] [3] [4] [5] . Vitamin D deficiency has been associated with gestational diabetes mellitus (GDM) [6] , but the evidence is inconsistent [7, 8] . Of all pregnancies, 1-14% are affected by GDM [9] , and globally GDM prevalence has been increasing in line with increasing obesity [10] . GDM is the most common pregnancy complication in Europe [11] . In Finland, the prevalence of GDM has increased from 6% in 2008 to 11% in 2014 [12] . GDM increases the risk of adverse pregnancy and neonatal outcomes, and the risk of obesity, metabolic syndrome, diabetes, and cardiovascular disease in later life both of the mother and the child [13] .
Fetal growth may have later health implications also within the normal-birth-weight range [14] . Poor maternal vitamin D status has been related to fetal growth restriction [15] but it is unknown whether maternal vitamin D status associates with birth size in infants with normal birth weight.
Many of the findings regarding the relationship between vitamin D deficiency and GDM are based on case-control studies, which may include a potential selection bias. Case-control studies often focus on high-risk groups, for example women who are overweight and sedentary, which are independent risk factors for vitamin D deficiency as well (for example [16] ).
The objectives of the present study were to compare 25(OH)D concentration at two consecutive time points between mothers with and without GDM, and to investigate associations between maternal factors and infant's birth size, and the potential role of 25(OH)D concentration therein.
The study is part of the longitudinal Vitamin D Intervention in Infants (VIDI) study.
Methods

Recruitment and study participants
At Kätilöopisto Maternity Hospital, Helsinki, Finland, 987 families were recruited into the VIDI study between January 2013 and June 2014, after delivery during the mother's hospital stay. According to the inclusion criteria, the mothers were of Caucasian origin without regular medication and with singleton pregnancy. Exclusion criteria for the newborns were: nasal continuous positive airway pressure treatment >one day, intravenous glucose infusion, seizures, duration of phototherapy >three days and need for nasogastric tube >one day. The infants were born between 37 + 0 and 42 + 0 weeks of gestation, and newborn's birth weight was appropriate for gestational age (SD-score [SDS] between −2.0 and +2.0). Of the recruited eligible families, 29% (987/3408) agreed to participate in the VIDI study. For the present cross-sectional study, we included mothers who had a record from a community prenatal clinic or baseline questionnaire and both two maternal 25(OH)D measurements. Two infants with a congenital disease (Down syndrome and Rieger syndrome) were excluded. Thus, the total number of subjects was 723. Of the infants, 367 were girls and 356 boys. Number of subjects in each analysis is reported in Tables.
25(OH)D analyses
Maternal pregnancy serum samples for 25(OH)D measurements were collected at community prenatal clinics at gestational weeks 7 to 25 between June 2012 and November 2013 as part of the mothers' normal follow-up [hereafter referred to as pregnancy 25 [18] .
Maternal and newborn data
Maternal data were obtained from a self-administered baseline questionnaire, filled in after delivery, and from medical records. Maternal height (cm) and weight (kg) before pregnancy and parity were collected primarily from the prenatal maternity card or, if missing, from our baseline questionnaire. Gestation was determined by first trimester ultrasound examination. Maternal age was determined at delivery. Parity was categorised into nullipara, secundipara and multipara (>two deliveries). Prepregnancy body mass index (BMI) (kg/m 2 ) was categorised into underweight (<18.5), normal weight (18.5-24.9), overweight (25.0-29.9) and obese (>30.0).
Prepregnancy weight and weight recorded in prenatal clinics were utilised to calculate gestational weight gain (GWG) (kg). We recorded GWG at first measurement, at approximately the 12th, 20th and 30th gestational weeks, and at last measurement. GWG was adjusted for consecutive gestational week. Concerning the analysis of total GWG, absolute values were used, and women who had their final weight recorded more than three weeks before the delivery were omitted (n = 7). Total GWG was categorised into inadequate, adequate and excessive based on national recommendations by prepregnancy BMI: recommended GWG for underweight mothers was 12.5-18.0 kg, for normal weight 11.5-16.0 kg, for overweight 7.0-11.5 kg, and for obese 5.0-9.0 kg [19] .
Education level was graded from one (=comprehensive school/lower secondary education) to six (university degree/first or second stage of tertiary education). Education was re-categorised into 'lower' and 'higher' education (lower = lower or upper secondary or postsecondary non-tertiary education, higher = first or second stage of tertiary education), due to a low number of subjects in other education categories. Prepregnancy smoking status was assessed as number of cigarettes per day. Maternal use of supplements, specific brand names, dosing, and date of commencement were recorded. We calculated the average daily intake of vitamin D from supplementation during the last two months of pregnancy.
Birth size, including birth weight (kg), length (cm), and head circumference (cm), was measured by midwives according to standard procedure. These data and the duration of pregnancy were retrospectively collected from birth records. Birth size measures were transformed into SDS by using Finnish sex-specific normative data for fetal growth [20] . Ponderal index was calculated (birth weight (kg) / birth length (m) 3 ) and standardised into sex-specific z-score.
Assessment of GDM
The diagnosis of GDM was based on a two-hour 75 g oral glucose tolerance test (OGTT). According to the national guidelines, GDM was diagnosed if the OGTT results exceeded cut-offs for one or more values: fasting plasma glucose ≥5.3 mmol/l, 1-h ≥ 10.0 mmol/l and 2-h ≥ 8.6 mmol/l [19] . An OGTT was performed at gestational weeks 10 to 40 between October 2012 and March 2014, and the results were collected from prenatal maternity cards or the hospital laboratory database. In general, screening for GDM depends on a presence of risk factors according to national recommendations [19] and based on these, OGTT was performed on 490 (54.5%) of the participating mothers. None of the pregnant women in our study received insulin therapy nor other regular medication, but mothers with GDM obtained dietary counselling at community prenatal clinics [19] .
Statistical analysis
The normality of the variables was visually inspected. Outliers (n = 18) of 25(OH)D concentrations were identified with Normal probability plot of residuals, Leverage and Cook's Distance diagnostic tests, and omitted from the analyses. Season with four categories affected maternal 25(OH)D concentrations. Thus, season at pregnancy blood sampling and at birth was coded using dummy variables (with autumn as a reference) in ANCOVA and used as a covariate.
The data included partially missing information. Imputation of missing values for education (n = 12) and parity (n = 2) were conducted using the median value in subgroups by GDM status. Missing data on prepregnancy smoking as number of cigarettes daily were imputed as a median value (= zero) by GDM status according to smoking status (n = 22). Imputation of missing values for GWG at 12 gestational weeks was conducted using a mean value of two consecutive measurements (n = 12). Missing values of other variables were not imputed. Maternal characteristics in Table 1 Newborn birth size was investigated in categories of maternal prepregnancy BMI (underweight, normal weight, overweight, obese), GWG (inadequate, adequate, excessive), prepregnancy smoking status (yes, no), maternal education (higher, lower), parity (nullipara, secundipara, multipara), GDM status (yes, no), vitamin D status (suboptimal, optimal) in pregnancy and in UCB, with ANCOVA with Bonferroni correction when applicable, and adjusted for maternal height. Changing covariates appearing in the ANCOVA models were: prepregnancy BMI, GWG at last measurement, smoking, education, parity, GDM and 25(OH)D concentrations. Using both 25(OH)D concentrations as covariates in the GWG analysis induced a multicollinearity problem based on Cook's Distance and Levene's test, but excluding these covariates from the model did not change the results.
Results are shown as means or adjusted means with SD or SEM. The means and medians were similar in both vitamin D concentrations. Associations were considered significant at P < 0.05. All statistical analyses were conducted using the IBM SPSS program for Windows, version 22 (IBM, Chicago, IL, USA).
Results
In the study population 97% were vitamin D sufficient Majority (95%) of the mothers took vitamin D supplements during pregnancy, most of them were highly educated (75% had at least a bachelor level education), and 73% had normal weight before pregnancy.
Vitamin D status and GDM
In our cohort GDM was present in 81 of the 723 women (11%). The comparison of maternal characteristics of GDM and non-GDM mothers is summarised in Table 1 . Pregnancy 25(OH)D concentration was measured on average at 11 weeks of gestation, and GDM was diagnosed on average at 26 weeks of gestation in both GDM and non-GDM mothers. Mothers with GDM were older (P = 0.018), heavier and had higher prepregnancy BMI (P for both <0.001), and their educational level was at borderline of significance (P = 0.051) lower compared with mothers without GDM. No differences between the groups were observed in several other characteristics, including GWG, duration of gestation, and supplemental vitamin D intake.
We investigated whether pregnancy 25(OH)D concentration differed between mothers with (n = 81) and without GDM (n = 639) (Fig. 1 ) in a crude model and in a model adjusted for season, maternal age, education and prepregnancy BMI. Adjusted analysis confirmed no difference in mean ± SEM pregnancy 25(OH)D concentration between GDM and non-GDM mothers (81.7 ± 2.3 vs 81.7 ± 0.8 nmol/L, P = 0.99). Similarly in UCB, the adjusted analysis showed no difference in 25(OH)D concentrations in infants born to women with and without GDM (79.1 ± 2.3 vs 80.1 ± 0.8 nmol/L, P = 0.69) (Fig. 1) . These results remained when only those who had undergone OGTT were included: pregnancy and UCB 25(OH)D concentrations were similar in GDM (n = 80) and non-GDM mothers (n = 323) (P = 0.94 and P = 0.43, respectively).
We further tested for possible associations between pregnancy 25(OH)D concentration and OGTT results with a univariate regression model. We observed no association between pregnancy 25(OH)D and fasting plasma glucose (B -0.00; 95% CI -0.00, 0.00; P = 0.54), 1-h glucose (B 0.00; 95% CI -0.01, 0.01; P = 0.53) or 2-h glucose (B -0.00; 95% CI -0.01, 0.01; P = 0.54).
The Values are adjusted for duration of gestation these six deficient GDM-mothers five (83%) were smokers, and correspondingly in non-GDM mothers four out of eighteen were smokers (24%) (P = 0.018).
Maternal 25(OH)D and newborn birth size
The effect of maternal factors on birth size in fully adjusted models is presented in Table 2 These results did not change after adjusting for mode of delivery (vaginal, vacuum assisted or caesarean section). Prepregnancy BMI, GWG, and parity had independent effects on birth size (Table 2 and Fig. 2 ).
Discussion
The primary focus of this work was to determine whether 25(OH)D concentration differs between mothers with and without GDM, and whether vitamin D status affects birth size in normal-birth-weight infants. GDM was diagnosed in 11% of mothers in our cohort. Almost all mother-child pairs (97%) were vitamin D sufficient [6] . However, they suggested that this applied only in developed countries and when no adjustments for confounders were made [6] . In our study, maternal vitamin D concentrations were similar in non-GDM and GDM mothers, and there was no linear association between vitamin D concentrations and OGTT results. However, we observed that vitamin D deficiency at delivery was more prevalent in mothers with GDM compared with non-GDM mothers, but this was not marked during pregnancy. This finding was possibly confounded by smoking, which was more prevalent in the deficient GDM mothers compared with deficient non-GDM mothers. Nevertheless due to small number of deficient mothers we could not investigate this reliably. In accordance with other studies, our results imply that in a vitamin D sufficient population, the association between 25(OH)D and GDM may not exist [8, 21, 22] . Similarly, Josefson et al. (2016) stated that maternal fasting glucose or GDM status was not associated with pregnancy 25(OH)D, which in their study was on average 93 nmol/L [23] .
GDM is a multifactorial disease involving various risk factors, for example lifestyle factors, obesity, rapid weight gain and predisposing genetic factors. Furthermore, some of these factors are related to or co-exist with poor vitamin D status [24, 25] , which further increases the challenge when dissecting independent effect. It is possible that in previous studies where no adjustment for confounding factors was performed, the association between 25(OH)D and GDM reflects shared factors such as an unhealthy lifestyle or adiposity [26] . Yet, contrary to many studies, associations between high 25(OH)D and GDM have been reported [27, 28] . Although a biological mechanism between low vitamin D status and diabetes is plausible [29] , only a few interventions have been conducted, and these have not proved an effect of vitamin D supplementation on risk of GDM [30] . Maternal vitamin D status associated with birth size: pregnancy 25(OH)D showed a positive association towards birth weight, but UCB 25(OH)D an inverse association with head circumference, while only the inverse association with head circumference was verified with linear model. Harvey et al. (2014) concluded that modest evidence exist for a positive relation between maternal vitamin D status and birth weight [31] . Some earlier studies have shown that severe maternal vitamin D deficiency associates with smaller head circumference at birth [32, 33] , yet some have not [34, 35] . In agreement with our findings, others have discovered that mothers with higher vitamin D concentration have infants with smaller head circumference at birth [36, 37] . However, the clinical relevance, if any, of the inverse relationship between maternal vitamin D status and head circumference at birth remains unexplained. It is unknown whether this reflects differences in brain size or in skull bones' structure, and needs to be explored in future studies. The mean difference in head circumference was 0.22 SD units between the groups with optimal and suboptimal UCB 25OHD. A possible explanation for this might be a U-shaped association between maternal vitamin D concentration and fetal outcomes in a population with sufficient vitamin D status. We have previously suggested the U-shaped association between 25(OH)D concentration and inflammatory biomarkers in cord blood [5] .
We have collected a homogenous cohort of Caucasian mothers from the capital region of Finland representing mothers without regular medication and their newborns who were born at term with normal birth weight. In many previous studies, participants had various ethnic backgrounds which could affect both vitamin D status and their risk of GDM [7, 38] . A strength of the present study lies in the recruitment of subjects, which took place in a single hospital, enabled standardised data collection and covered all seasons. However, a multi-centre study might have resulted in a wider variety of socioeconomic backgrounds.
A challenge in previous studies on vitamin D status and GDM has been the lack of relevant adjustments, for example adjustments for BMI and smoking status [6] . In the present study, we have systematically investigated confounders between groups, and adjusted for those when applicable. The threshold for defining vitamin D deficiency and the diagnostic criteria for GDM vary between studies, which might affect the results and complicate the comparison of studies. A further limitation is that the OGTT was not performed on all mothers, and a slight possibility exists that the actual prevalence of GDM might be underestimated. Yet, our main results were repeated in a subgroup analysis of only those women to whom an OGTT was performed. In addition, the prevalence of GDM was in accordance with the national statistics [12] . However, in a cross-sectional setting causal relationships cannot be determined. 
Conclusion
